Abstract: A novel microstrip lowpass filter is proposed to achieve a very wide stopband and high selectivity as well as compact size. This filter utilizes a resonator with symmetric structure that consists of a transmission line, loaded with open stubs. Each stub ends with a defected taper and these tapers are coupled two by two to generate enhanced capacitances and increase the selectivity. Two units of these resonators are then used in combination with open stubs and triangular shaped resonators to widen the stopband and form the final filter. This filter is then fabricated and measured. The measured and simulated results are in good agreement.
Introduction
Microstrip lowpass filters with high selectivity and wide stopband, are in high demand in modern communication systems in order to supress, high frequency noises and also undesired harmonics. According to this fact, a variety of methods are proposed to improve the performance of these filters. In [1] an open stubs loaded tapered compact microstrip resonator cell is proposed that has a small size but it doesnt have a sharp roll off and its stop band with −20 dB is very short. Two filters with tapered dual-plane electromagnetic bandgap structures are proposed in [2] that present sharp roll off; but these structures result, low return loss in the passband, very large size and short stopband. In [3] a front coupled tapered CMRC is proposed that presents high selectivity and high insertion loss in the stopband and high return loss in the passband as well as compact size but this structure does not have a very wide stopband. Another approaches such as using a number of spiral resonant cells [4] and also asymmetrical microstrip step discontinuity [5] has tried to make the stopband wider but these structures have presented low selectivity. In [6] symmetric rectangular coupled capacitors are used to implement a lowpass filter that have resulted a sharp roll off and high rejection in the stopband but the stopband is not wide. A combination of DGS and rectangular patch resonator is also proposed in [7] that presents, high selectivity and also high and wide rejection in the stopband but it has the problem of large size. In [8] , the small-sized coupled-line hairpin units are used to generate attenuation poles that improves the stopband, but the filter has low selectivity and high insertion loss in the passband.
The proposed resonator of this paper, presents a very wide stopband as well as sharp roll off and compact size. Two units of the propsed resonator are then used in combination with open stubs and rectangular resonators to increase the selectivity and width of the stopband. the resulting, compact size, filter is then fabricated and measured. The measured results are in good agreement with the simulated results. high return loss in passband and high insertion loss in stopband are other features of this filter.
All of the mentioned features in addition to the capability of controling the bandwidth by changing the filter dimensions, make the proposed structure, suitable for modern communication systems, applications.
Design and study of the proposed filter structure
The proposed resonator with defected tapers loaded, open stubs is presented in Fig. 1 (a) . This structure consists of four open stubs that each one ends with a defected teper. The open stubs are two by two coupled through the defected tapers this coupling causes enhanced capacitances and increases both selectivity and width of stopband. The overall structure is horizontally and vertically symmetric. This symmetri causes an increase in series inductance and results better performance in the passband. Fig. 1 (b) shows the equivalent LC circuit of the proposed resonator that is echieved by modeling of transmission lines. The simulated results of this resonator are shown in Fig. 1 (c) . As seen in the figure,the cut off frequency is placed at 9.17 GHz, there are two transmission zeroes near passband in 10.03 and 17.25 GHz with −36.56 and −49.59 dB respectively. The insertion loss from DC to 8.35 GHz is better than 0.1 dB and the return loss from DC to 8.2 GHz is higher than 20 dB. This resonator has a stopband of 17.8 with −10 dB and its sharpness is about 0.8 GHz from −3 to −20 dB. The simulated results of this resonator as a function of Lg, Ls and Lm are shown in Fig. 1 (d) , (e), (f) respectively. As seen in Fig. 1 (d) by increasing Lg from 1.4 to 2.6 mm, the near band transmission zero gets smaller. This is because the place of this zero is determined mainly by the coupling capacitance between the tapers (Cc) and also the capacitance of the rectangular end of the taper according to ground (C3) and by increasing the Lg these capacitances also increase, and because a larger capacitance has a smaller cut off frequency, so the nearband transmission zero gets smaller. Fig. 1 (e) shows that by increasing the Ls from 1 to 2 mm the two near band transmission zeroes move to lower frequencies and the passband gets narrower. this is because by increasing of Ls the inductance of Lb1 increases and this will decrease the overall inductance between the IO ports. By decreasing of this inductance, the cut off frequency of the resonator that is nonproportionally related with this inductance, decreases. As seen in Fig. 1 (f) , by increasing the Lm from 1.1 to 1.9 mm the two nearband transmission zeroes move toward each other, the passband becomes wider and the insertion loss in the stopband increases. The major reason of this behavior is that by increasing the Lm, series inductance between IO ports (Lm2) increases and the coupling capacitance between the stubs (Cc) decreases; so as mentioned, by increasing of the inductance, cut off frequency increases.
The three mentioned parameters can be used to control the passband of the filter. Lg can be used to change the bandwidth, without dedicating the selectivity and return loss in the passband. Ls can be used to control the bandwidth when bigger changes in the cut off frequency as well as high selectivity are considered but Lm is a better choice when high insertion loss in the stopband is in more priority than the selectivity.
Simulation and measurement
to obtain a filter with very wide stopband, two units of the proposed resonator are placed in series form to increase the suppression in the stopband and make it wider. the layout of this filter is shown in Fig. 2 (a) . two trianglar resonators and four open stubs are added to this structure for suppression of some harmonics that are not completely eliminated by the other parts. Fig. 2 (c) . As seen from the results, this filter has a cut off frequency of 8.87 GHz, two major transmission zeroes are placed at 10.13 and 15.15 GHz with −52.90 and −46.29 dB, respectively. There are also three transmission poles at 2.44, 6.64 and 8.28 GHz. The insertion loss is less than 0.1 dB from DC to 8.38 GHz and return loss in this frequency range is higher than 17.6 dB. This range is 94.47% of the passband frequency range which is clearly improved in comparison with the conventional coupled line open stub structure of [8] . The stopband of the proposed filter has a width of 24.41 GHz with −20 dB that is about four times more than the value of this parameter for filters of [1, 2, 6] , more than twice of stopband of the filters of [3, 5] , more than six times wider than [4] , about 84.92% wider than [7] and 183.83% improved compared to [8] .
Sharpness of the filter is 0.74 GHz (−3 to −20 dB) that is just 8.34% of the bandwidth and is quite sharp, whereas this ratio is 20.19% for the filter of [1] and 28% for the coupled-line hairpin filter of [8] . Physical size of the proposed filter is 12.3 mm × 6.9 mm that is very compact. 
Conclusion
A novel compact lowpass filter with a very wide stop band using a resonator with front coupled open stubs is presented. This filter has a planar structure that is easy to fabricate and presents a very high selectivity that is mainly because of coupling capacitances between the open stubs. Simulated and measured results of the proposed filter are in good agreement and validate the advantages of the proposed structure compared to former architectures.
